Background: Recent data support the implication of accelerated titanium dissolution products in
leading to titanium corrosion. 8 In a clinical study performing cytological analyses of peri-implant tissue samples, the concentration of titanium was higher in the peri-implantitis group compared with the group without peri-implantitis; no traces of titanium were observed in controls. 9 In fact, epidemiological research on peri-implant diseases suggests titanium corrosion to be relevant for later peri-implant bone loss. 10 Thus, despite the stability of TiO 2 , triggering factors, such as surface instrumentation with ultrasonic instruments, may exist that lead to accelerated titanium dissolution, which has been suggested as one of the causes for peri-implantitis. 7, 9, 11, 12 The mechanism by which titanium dissolution products are implicated in peri-implantitis is not completely understood. Titanium corrosion products may elicit a foreign-body-reaction causing bone resorption, 8 and bone cells have been shown to be sensitive to the currents produced during corrosion events of metallic implants. 13 Titanium particles may work as a secondary stimulus for the inflammatory process, demonstrated by an increase in secretion of interleukin-1β, when human macrophages are exposed to titanium particles and bacterial components. 14 Importantly, recent results from our group identified a nearly 8-fold increased presence of titanium in peri-implant plaque providing cues for a pathogenic role of titanium as a modifying factor of the periimplant microbiome. 7 It is important to understand that dental implants are placed into an oral environment that is colonized by hundreds of bacterial species. Bacterial colonization has been shown to occur from tooth to newly placed implant within 30 minutes of implant placement and remains stable at the implant site for an extended period of time. 15, 16 The role of titanium surface properties on bacterial adhesion is a critical reason why the biofilms formed on implants and teeth are largely dissimilar. 17, 18 However, the interplay between titanium particles and established peri-implant microbiome has not been thoroughly assessed.
The aim of this study was to determine whether titanium dissolution products are involved in modifying the peri-implant microbiome, and to analyze the relationship between titanium dissolution products, peri-implant microbiome, and peri-implant status.
| MATERIALS AND METHODS

| Study population
The sample population for this study included a subset of participants of a cross-sectional study that provided peri-implant microbiome samples. The Institutional Review Board at the University of Washington approved the study protocol (No. 41380) and all patients provided written informed consent. STROBE guidelines were followed. Prior publication provides detailed recruitment and prevalence information for the cross-sectional study of 96 patients with 225 implants placed between 1998 and 2003, regarding the conditions at time of placement including: the periodontal status of the patient, brands of implants, type of restoration, patient factors, and the subsequent clinical findings at follow-up exams. 1 In brief, participants who had taken antibiotics in the last 3 months were excluded from the microbial sampling. Implants were included if they had a diagnosis of either health or peri-implantitis. Implants diagnosed with mucositis were excluded.
Further recruitment information can be found at Daubert et al. 1 
| Definitions
For this study, peri-implant mucositis was defined as the presence of bleeding on probing with no evidence of radiographic bone loss beyond expected remodeling. Peri-implantitis was defined as the presence of bleeding on probing and/or suppuration, with >2 mm of detectable bone loss following initial remodeling, and a probing depth of 4 mm or greater. 1 The presence of 2 mm of bone loss alone without mucositis symptoms did not contribute as a case of peri-implantitis. Due to nonstandardized radiographs at the prosthetic insertion and follow-up examination, we considered a threshold of 2 mm from the expected marginal bone level following remodeling postimplant placement according to prevailing guidelines. 19 These patients were given their implant diagnosis prior to the recent publication of the new classification system of peri-implant diseases and conditions. 20 As patients were included who had both prior radiographs and prior probing depths, it can be concluded that the diagnosis made is consistent with the newly accepted definition of peri-implantitis.
| Sample collection
After isolation and supragingival plaque removal, the subgingival plaque sample was collected from the deepest probing site at each dental implant utilizing a sterile 1/2 mini Gracey curette. The curette was carefully inserted to the base of the pocket with the blade facing the gingival side, away from the implant surface, and plaque was removed in an upward motion facing the gingiva. We have previously validated this technique for the assessment of titanium concentration in peri-implant plaque. 7 The plaque was transferred to a screw-cap tube with 500 μL of sterile water.
A 350 μL was set aside for titanium assessment and the remaining for DNA isolation. Both were frozen at −80 C for future processing.
| DNA isolation
DNA isolation was done according to our previously published protocol. 21 Specifically, plaque was isolated using Chelex-100 (Bio-Rad, Hercules, CA), a styrene divinylbenzene copolymer containing paired iminodiacetate ions, which act as chelating groups in binding polyvalent metal ions. 22 A 150 μL aliquot of suspended plaque was placed into a tube containing 10 mg Chelex 100 followed by addition of 50 μL of 120 mM Tris HCl pH 8.0, followed by addition of 10 μL of 10 mg/mL proteinase K. Proteinase K was dissolved in 30 mM Tris HCl, pH 8.0.
The mix was incubated at 55 C for 30 minutes followed by vortexing and incubation in a boiling-water bath for 8 minutes. Upon removal from the boiling water bath, the tubes were centrifuged at 10 000-15 000 g for 3 minutes and the supernatant was transferred to a clean 1.5 mL microcentrifuge tube. Prokaryotic 16S rRNA genes were amplified using universal primers (27F and 1392R) using the GemTaq kit 
| Titanium quantification
The aliquots of microbial samples collected from patients were transferred to the lab for inductively coupled mass spectrometry as previously reported. 7 Specifically, the samples were placed into digestion vessels (50 mL polypropylene centrifuge tubes) with four 1 mL rinses of digestion solution ( 
| DNA data analysis
Samples were demultiplexed, quality-trimmed, and filtered via BBDuk, 23 sequences less than 100 bp were discarded. A total of 439, 465 reads with a mean 527 bp reads per sample were clustered into Operational Taxonomic Units (OTUs) at 97% similarity (using pick_open_referen-ce_otus.py command), aligned with Mothurs 24 and assigned a taxonomy using the HOMD database v14.5. 25 OTU tables were rarefied to a sequence depth of 15, 200 reads per sample to calculate alpha diversity measures. For beta diversity, weighted and unweighted Unifrac distances were calculated and further analyzed by Principal Coordinates Analysis (PCoA). 26 R packages "phyloseq," "ggPlot2," and Ampvis were used to compare groups by diversity and composition.
27-29
| Statistical analysis
Alpha diversity estimates were obtained using Shannon's index (diversity) and the Chao1 index (richness). For beta diversity assessment species relative abundances were calculated per sample (x/sum
[x]) and principal component and principal coordinate analysis with unifrac distances were used to visualize microbiome coordinates. The exploratory examination of associations between implant disease status, titanium, and alpha diversity metrics was performed using descriptive statistics and scatterplots. P-values for intergroup differences were derived from Generalized Estimating Equation models
with Gaussian links and independence covariance matrices to account for multiple implants per person. For titanium concentrations all values were incremented by 0.001 and log-transformed. Alpha diversity scores and loadings on the first principal component were extracted to determine the pairwise correlations between microbiome diversity and composition, respectively, and titanium. Correlation analysis was performed using Spearman's rho at alpha = 0.05. Constrained ordination and permutation tests were utilized to assess the effect of titanium and disease status on microbiome beta diversity.
| RESULTS
We recruited peri-implantitis cases and healthy controls from a previous cross-sectional study to assess differences in the peri-implant microbiome and the quantity of titanium in the submucosal plaque. A total of 36 patients with 61 implants that were included in our earlier analysis returned for an additional visit for plaque sampling between July and November 2014. All patients had prior periodontal treatment and were enrolled in a regular maintenance program. After exclusion criteria were applied, DNA extraction, purification, and sequencing were completed on 17 individual implant samples from 11 patients.
Nine subjects with 15 implants had a diagnosis of periodontitis. Of these, 6 implants had a diagnosis of peri-implantitis and 9 implants were diagnosed as healthy. The two remaining implants were healthy implants in periodontally healthy patients and were not included in our analysis to avoid confounding in the interpretation of the effects of titanium on the peri-implant microbiome. The patient demographics and implant data are presented in Table 1 .
| Titanium levels increase in peri-implantitis
A significant association was found between measurable Ti in the plaque surrounding a dental implant and the peri-implantitis disease status of the implant. The observed difference between groups in titanium levels was 31.7 μg/mL (P = .03).
| Within sample diversity of the peri-implant microbiome is reduced with titanium presence in disease
The assessment of the alpha diversity of the microbiome revealed that the peri-implant microbiome was less diverse in disease as compared to health ( Figure 1A ; Shannon P = .03, InvSimpson P = .02). We then sought to determine whether a local environmental factor, that is, titanium, in plaque affects within-sample diversity. We found an inverse correlation between Chao1, a species richness index, and logtransformed titanium levels in the samples (rho = −0.496). This correlation provides cues for reduced alpha diversity being linked to presence of titanium in the plaque. Next, we looked at subgroup analyses of alpha-diversity in titanium positive (Ti; Figure 1C ) versus titanium free (TiFree; Figure 1C ) samples and found a trend for less diversity in titanium positive versus titanium free samples in peri-implantitis, but not in health. This is illustrated with a color gradient for Titanium in Figure 1D .
| Titanium alters the microbial signature in the peri-implant sulci
We calculated the principal coordinates of the microbiome in groups of health and disease utilizing principal coordinate analysis using a phylogenetically informed distance measure (unifraq) and found areas of overlap among healthy and diseased samples (Figure 2A, unifraq) .
In addition, we found a correlation between levels of titanium in the surrounding plaque and the first principal component of the microbial signature (rho = 0.55; Figure 2B ). The first principal component accounts for the largest variability and converts the data set into a set of linearly uncorrelated variables. Next, we performed a canonical correspondence analysis (CCA), which is a constrained ordination method aimed at assessing the effect of titanium concentrations on the beta-diversity of the peri-implant microbiome. Levels of titanium were significantly associated to the microbiome ordinates (Permutation tests: P = .045), while disease status was not (P = .3; The first four columns show patient characteristics and the last four columns show implant-level characteristics including titanium quantity and DNA quantity.
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FIGURE 1 Alpha diversity of implant microbiome per disease status (A) and titanium subgroups (B). And adjusted titanium levels. (C) Scatterplot of titanium levels (on log-scale) versus the Chao1 index (richness). Titanium levels are associated to decreased diversity as titanium levels increase (D) Figure 2C ) suggesting that Ti creates a unique niche in the oral cavity causing changes in microbiome structure.
| Titanium selectively enriches the peri-implant community for specific oral taxa
A total of 295 different taxa were identified across all samples. A genuslevel taxonomic summary is shown in Figure 3A in subgroups of disease status and titanium presence. An enrichment in Veillonella and Neisseria is evident in the PI samples that include titanium ( Figure 3A) . Investigation of the most abundant genera in health versus disease in Figure 3B suggests a preponderance of Veillonella in disease. Streptococcus, Prevotella and Haemophilus were more abundant in healthy samples. We then performed correlation analyses for Streptococcus (more abundant in health than disease) and Veillonella (more abundant in disease than health) to assess their associations to titanium levels, and alpha diversity. The relative abundance of Streptococcus was inversely associated to titanium levels (rho = −0.33) and was positively correlated to the microbiome diversity (rho = 0.31), which is consistent with our findings of more diversity in health. On the contrary, Veillonella relative abundance was strongly correlated to titanium levels (rho = 0.62) and inversely correlated to alpha diversity (rho = −0.28). The main genera associated with health (Streptococcus) and disease (Veillonella) plotted against alpha diversity and titanium levels are shown in Figure 4 . These results are consistent to enrichment of Veillonella with increased titanium concentrations, and a less diverse microbiome in disease.
| DISCUSSION
Using 16S rRNA gene sequencing and inductively coupled mass spectrometry, a significant relationship was found between the amount of titanium dissolution products and the microbial signature as well as the implant disease status. In detail, the most important clinical finding was that plaque samples from sites with peri-implantitis have higher titanium concentrations as compared to health, consistent with a previous report. 7 When assessing the peri-implant microbiome in the presence of titanium our findings showed that disease was associated with a less diverse microbiota and higher titanium concentrations were correlated to this decrease in diversity. The former association has been previously established, 17, 30 
| Strengths and limitations of the study
A major strength of the present study is the combination of the microbiome analysis with the quantitative measure of total titanium in plaque, which allowed us to assess the effect of titanium dissolution products as an environmental modifier of peri-implant microbiome structure and diversity. We have demonstrated that titanium dissolution products are a significant determinant of the microbiome around dental implants. This relationship between these products and periimplant microbiome as well as peri-implantitis sheds light on the distinction between peri-implant disease and periodontitis; environmental factors unique to dental implant surfaces affect inflammatory disease processes. These findings have important ramifications in the design of implant-specific peri-implantitis treatment strategies.
Another strength of the study is the innovative approach to the study of the interplay between titanium particles and the peri-implant microbial community. A prior study from our lab 21 found a significant effect of titanium electroconductivity and bacteria-mediated implant corrosion. We have also found a significant association between the amount of dissolved titanium in the peri-implant sulcus and the disease status of the implants. 7 To our knowledge, no prior study thoroughly investigated the role of titanium dissolution products in shaping the peri-implant microbiome structure. As with any cross-sectional study, the current findings provide evidence for a significant relationship, but no causality can be confirmed. The sample size is moderately small, and while other studies using 16S rRNA analysis have drawn conclusions with similar sample size, confirmatory studies in larger cohorts are necessary. As the disease severity of the included implants was moderate, it would also be beneficial to assess titanium dissolution products and microbiome on failed implants as well as implants with more severe peri-implantitis.
| Interpretation of the study supported by existing evidence and possible mechanism
The presence of a titanium implant in the oral cavity creates a distinct microenvironment. Extensive effort has gone into the characterization of the peri-implant biofilm. While recent advances in technology allow for a rich exploration of the microbial composition of both healthy versus diseased implants, and healthy versus diseased teeth, there remains a lack of consensus reporting both the complexity and the distinction of the microbiome at teeth and implant sites. 17, [31] [32] [33] It is difficult to compare prior studies due to lack of consistency in case selection, disease definition, and reporting. 17, 30, [34] [35] [36] A recent systematic review of the microbial profile associated with dental implants confirms that the lack of homogeneity of the reviewed studies did not allow for any direct comparison. 37 The lack of a clear distinction of the biofilm associated with diseased implants suggests that unknown factors in addition to biofilm composition may account for the distinct pathology between peri-implantitis and periodontitis. 33 It is difficult to assess peri-implantitis outside the context of periodontal disease, as periodontitis is recognized as a significant risk factor for peri-implantitis, 1, [38] [39] [40] [41] and bacteria are considered to be a primary etiologic factor for both disease entities. 17, 30, 31, [42] [43] [44] To better illustrate, in a recently published 10 year retrospective study including 301 patients with 504 dental implants, 86% of these patients had periodontitis. 32 Prior publications have associated gram negative bacteria with periodontal disease as well as peri-implantitis. 4, 45, 46 Recent metagenomics studies, however, have identified distinctive microbial signatures of the peri-implant and periodontal biofilms. 6, 47 Nevertheless, some of the bacteria found around implants with peri-implantitis have been similar species to those found around teeth that are diagnosed with chronic periodontitis. 18, 43, 48 It is not clear if the bacteria occupy the peri-implant niche by proximity or whether they are associated with the etiology of peri-implant disease.
In addition, the oral microbiome has the potential to disrupt the biocompatible titanium dioxide surface layer. 37 A specific example is Streptococcus mutans, which has been shown to increase the corrosion current 49 and to induce titanium corrosion. 50 We have shown that oral bacterial taxa are capable of affecting titanium electro-conductive properties and can lead to spontaneous generation of electrical Shannon Diversity Streptococcus Relative Abundance iv. FIGURE 4 Scatterplots of main genera associated with health (Streptococcus) and disease (Veillonella) against alpha diversity, and log-transformed titanium levels potential and accelerated titanium dissolution from titanium implants. 21 Further understanding of the interplay between the periodontal microbial community and titanium particles may provide insight into the prevention of peri-implant disease. Thus far indirect evidence supports that the pathogenesis of peri-implantitis may differ from periodontitis based on its faster rate of progression and defect configuration. 18 The differences between periodontitis and periimplantitis may lie in the material properties of titanium. Interestingly, it has been determined that while large titanium particles are biocompatible, fine titanium particles below 10 μm can be phagocytized by leukocytes and are cytotoxic both in vivo and in vitro. 51 Next generation sequencing provides a method to examine the microbial signatures around dental implants and obtain information on the peri-implant microbiome that is not dependent on prior knowledge of bacterial species. Prior studies have examined the microbial biofilm around implants using 16S rRNA technology. 17 It is difficult, however, when assessing these studies to find any consensus on specific genera or species that characterize peri-implant disease. For example, one study found that health was characterized by Treponema, Prevotella, and S. mutans and disease was associated with Veillonella, Fusobacterium, and nonmutans Streptococcus, 17 while others specified that Veillonella was lower in peri-implantitis compared to healthy implants. 35, 52 Fürst et al. had identified Veillonella as the genera that increase in bacterial load from 30 minutes after placement to 1 week. 15 Another group also found that Veillonella parvula was a dominent early subgingival colonizer. 55 We found Veillonella associated with peri-implant disease. The lack of consensus provides additional evidence that there may be another factor shaping the peri-implant microbiome.
Based on our findings we present the possibility of titanium dissolution products as a modifier of the microbial signature and correlate of the disease status of the implant. In the present study, the microbiome alpha diversity of the peri-implant communities was reduced in disease versus health. These findings are corroborated by previous studies 17, 30 and are of interest since they point to a reduction in the number of unique oral taxa with a small community of pathogens being associated with peri-implantitis. In fact, we identified a moderate correlation between streptococcus and alpha diversity, which is biologically plausible since streptococcus taxa are early colonizers that exploit adhesions for attachment to titanium substrates and support co-aggregation with other taxa. Notably, increased titanium levels were associated with reduced relative abundance of streptococcus as well as reduced alpha diversity measures. Therefore, the hypothesis that titanium dissolution products in the peri-implant sulcus may enrich for peri-implant pathogens warrants further investigation.
These findings highlight the importance of maintaining titanium surface biocompatibility during disease management. The fact that periimplantitis samples differed in microbiome structure dependent upon the presence of titanium supports the hypothesis that different phenotypes of peri-implantitis exist, which may have distinct etiologies.
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